Abstract (J Korean Assoc Oral Maxillofac Surg 2014;40:291-296) Objectives: Bisphosphonate-related osteonecrosis of the jaw (BRONJ) is a side effect of bisphophonate therapy that has been reported in recent years. Osteoclastic inactivity by bisphosphonate is the known cause of BRONJ. Bone morphogenetic protein-2 (BMP-2) plays an important role in the development of bone. Recombinant human BMP-2 (rhBMP-2) is potentially useful as an activation factor for bone repair. We hypothesized that rhBMP-2 would enhance the osteoclast-osteoblast interaction related to bone remodeling. Materials and Methods: Human fetal osteoblast cells (hFOB 1.19) were treated with 100 μM alendronate, and 100 ng/mL rhBMP-2 was added. Cells were incubated for a further 48 hours, and cell viability was measured using an MTT assay. Expression of the three cytokines from osteoblasts, receptor activator of nuclear factor-κB ligand (RANKL), osteoprotegerin (OPG), and macrophage colony-stimulating factor (M-CSF), were analyzed by real-time polymerase chain reaction and enzyme-linked immunosorbent assay. Results: Cell viability was decreased to 82.75%±1.00% by alendronate and then increased to 110.43%±1.35% after treatment with rhBMP-2 (P<0.05, respectively). OPG, RANKL, and M-CSF expression were all decreased by alendronate treatment. RANKL and M-CSF expression were increased, but OPG was not significantly affected by rhBMP-2. Conclusion: rhBMP2 does not affect OPG gene expression in hFOB, but it may increase RANKL and M-CSF gene expression.
Effect of recombinant human bone morphogenetic protein-2 on bisphosphonate-treated osteoblasts
oral and maxillofacial surgery, it is one of the most difficult diseases to treat 1 . Alendronate pharmacologically inhibits farnesyl diphosphate synthase in the mevalonate pathway, which is essential for the prenylation of proteins in osteoclasts. This ultimately causes mechanical inhibition of osteoclast adhesion on the bone margin where absorption takes place through osteoclast apoptosis. The effect of BPs on osteoclasts could also arise, at least in part, from modulation of the synthesis of resorptionpromoting or resorption-inhibiting factors by osteoblasts 2 .
Osteoblast/stromal cells regulate osteoclastogenesis by producing proteins such as macrophage colony-stimulating factor (M-CSF), receptor activator of nuclear factor-κB ligand (RANKL), and osteoprotegerin (OPG). Through cell-to-cell contact of osteoblast/stromal cells with osteoclasts, RANKL and M-CSF induce osteoclast progenitor cells to differentiate into osteoclasts 3 .
I. Introduction
Bisphosphonates (BPs) are used to treat osteoporosis, bone metastasis and other conditions involving fragile bone. Oral BPs are used primarily in the treatment of osteoporosis, and alendronate is one of the most potent antiosteoporotic agents known. As a side effect of using BPs, BP-related osteonecrosis of the jaw (BRONJ) was reported in 2003; in the field of assay (ELISA) reader (Tecan, Männedorf, Switzerland) at a 570 nm excitatory emission wave length. In cells treated with 100 μM alendronate, cell viability was approximately 80% of the control. Consequently, that concentration was selected for the experimental group.
ELISA
Expression levels of the three proteins, RANKL, OPG and M-CSF, were measured with an ELISA kit (Quantikine; R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions. Briefly, cultured hFOB 1.19 cells were uniformly seeded into 6-well culture dishes at a concentration of 2×10 5 cells/well. When the cells were adherent 24 hours later, the original medium was replaced with medium containing 100 μM alendronate for 48 hours (alendronate group) after which 100 ng/mL BMP-2 (Cowellmedi, Busan, Korea) was added, and the cells were incubated for a further 48 hours (alendronate+rhBMP-2 group). The supernatants were then collected from each group, and an ELISA was used to determine the RANKL, OPG and M-CSF contents of each sample. The sample values were read from the standard curve set at 450 nm with 540-570 nm wavelength correction and with the measurement units expressed as pg/mL. All samples were assayed simultaneously.
Real-time polymerase chain reaction (RT-PCR)
The hFOB 1.19 cells were subjected to RNA extraction using spin columns (Rneasy; Qiagen, Hilden, Germany) according to the manufacturer's instructions. RNA (2 µg) was reversetranscribed, using the RevertAid First-Strand Synthesis System kit for RT-PCR (Thermo Fisher Scientific, Pittsburgh, PA, USA) according to the manufacturer's protocol. The cDNA was amplified with the PCR master mix SYBR Green kit (Applied Biosystems, Warrington, UK), and PCR amplification was performed using the Chromo4 Real-Time PCR Detection System (Bio-Rad Laboratories Inc., Hercules, CA, USA). The running conditions were as follows: denaturing at 95°C for 3 minutes, 40 cycles of amplification at 95°C for 15 seconds and 60°C for 30 seconds. After the final cycle, a melting curve analysis was performed at 55°C-95°C intervals in 0.5°C steps. The sense and anti-sense primer sequences of OPG, RANKL, M-CSF, and the housekeeping gene glyceraldehyde 3-phophate dehydrogenase (GAPDH) are listed in Table 1 .
Bone morphogenetic protein (BMP), a subgroup of the transforming growth factor-β (TGF-β) superfamily 4 , induces the formation of bone and cartilage [5] [6] [7] [8] [9] [10] . To date, there are more than 20 known BMP subgroups, of which BMP-2 is the primary subgroup used as a clinical treatment in many in vitro and in vivo studies 11 . Recombinant human BMP-2 (rh-BMP-2) is an activation factor for bone healing and has been used in dentistry due to its osteogenic effects.
The aim of the present study was to explore the effect of rhBMP-2 on the regulation of OPG, RANKL, and M-CSF in osteoclastogenesis in human osteoblast treated with alendronate.
II. Materials and Methods

Reagents
The following reagents were commercially obtained: ProLong Gold Antifade Reagent with DAPI, from Molecular Probes (Eugene, OR, USA); Dulbecco's modified Eagle's medium F12 (DMEM/F12) and fetal bovine serum (FBS), from Gibco (Gaithersburg, MD, USA); Alendronate, Dimethyl sulfoxide (DMSO), Hoechst 33342, RNase A, proteinase K, aprotinin, leupeptin, Triton X-100, PMSF and thiazolyl blue tetrazolium bromide (MTT), from Sigma (St. Louis, MO, USA); SuperSignal West Femto enhanced-chemiluminescence Western blotting detection reagent, from Pierce (Rockford, IL, USA).
Cell culture
An hFOB 1.19 human fetal osteoblast cell line was purchased from the American Type Culture Collection (Rockville, MD, USA). The cells were maintained at 34°C with 5% CO 2 in DMEM/F12 with 4 mM L-glutamine, 1.5 g/L sodium bicarbonate, 4.5 g/L glucose and 1.0 mM sodium pyruvate supplemented with 10% FBS, under an air atmosphere.
Cell viability assay
A total of 1×10 4 cells were seeded in a 96-well plate, incubated for 24 hours, and treated with 0, 100, 500 or 1,000 μM concentrations of alendronate. The cells were then treated with 500 μg/mL of MTT stock solution and incubated at 34°C in a 5% CO 2 atmosphere for 4 hours. The medium was aspirated, and the formazan crystals were dissolved in DMSO. Cell viability was monitored on an enzyme-linked immunosorbent
Effects of alendronate and rhBMP-2 on OPG expression
To evaluate OPG expression, RT-PCR and an ELISA were performed. OPG expression in the alendronate group was significantly decreased (P=0.012) as compared to the control group. In the alendronate+rhBMP-2 group, the OPG level increased relative to alendronate group, but this increase was not significant (P=0.482). (Fig. 2, Tables 3, 4) 
Statistical analysis
Groups were comparatively analyzed by one way ANOVA. Tukey's post hoc test was used for cell viability and RT-PCR (SPSS Statistics 17.0; SPSS Inc., Chicago, IL, USA). P<0.05 was considered statistically significant.
III. Results
Viability of hFOB 1.19 cells
An MTT assay was performed at 48 hours with 0, 100, 500, 1,000 μM alendronate concentrations. (Fig. 1 ) Alendronate inhibited cellular viability at 100 μM (P<0.05). When the cells were exposed to concentrations above 100 μM, there was a significant decrease in cell viability (P<0.05).
To investigate the reverse effects of rhBMP-2 on cell viability, cell viability assays were repeated with application of rhBMP-2 to cells treated with 100 μM alendronate after 48 hours. (Table 2 ) Cell viability significantly increased relative to the control and alendronate alone group (P<0.05). 
Effects of alendronate and rhBMP-2 on RANKL expression
RT-PCR and an ELISA were also performed to evaluate RANKL. In the alendronate group, RANKL expression was significantly decreased (P=0.003) as compared to the control. In the alendronate+rhBMP-2 group, RANKL expression was significantly increased relative to the alendronate alone group (P=0.003). (Fig. 3, Tables 3, 4) 
Effects of alendronate and rhBMP-2 on M-CSF expression
To determine whether alendronate and rhBMP-2 treatment change the expression of M-CSF, RT-PCR and an ELISA were also done. In the alendronate group, M-CSF expression inhibits osteoclast differentiation and suppresses RANKL and that addition of M-CSF mediates osteoclast differentiation in a bone-marrow-derived macrophage culture, with no direct BPs-cytoxicity effect on the osteoclasts. Although the reasons for these differences have not been completely elucidated, the distinct effects of various BPs (pamidronate, zoledronate, and alendronate), use at different concentrations, and use of different cell lines (human vs. rat and primary vs. cancer) clearly play a role 15, 18 . BMP-2 is well recognized as the most effective boneinduction treatment [19] [20] [21] [22] [23] and has been approved by the U.S.
Food and Drug Administration. There is evidence that BMP-2 can directly influence osteoclastogenesis through osteoblast/stromal cells [24] [25] [26] [27] . Itoh et al. 27 reported that BMP-2 enhanced the survival of purified osteoclasts supported by RANKL but not by M-CSF. In our present investigation, we found that a lower dose of rhBMP-2, 100 ng/mL, was able to induce osteoclast potency, indicating that at lower concentrations, BMP-2 can have osteoinductive potency 28 . The alendronate+rhBMP-2 group showed significant elevation in expression levels of RANKL and M-CSF relative to the alendronate alone group. Our results show that BMP-2 induced expression of M-CSF but that RANKL was otherwise suppressed by alendronate. This suggest that decreased RANKL expression by BPs can be corrected by treatment of BMP-2.
V. Conclusion
This study was conducted to establish whether alendronate and rhBMP-2 influence the mRNA levels and protein expression levels of M-CSF, RANKL, and OPG in osteoblasts. Our results indicate that alendronate suppressed the expression of M-CSF, RANKL, and OPG and that rhBMP-2 increased BP-impaired RANKL, M-CSF, and OPG expression levels. Together with the previous results, the present study provides an experimental basis for the clinical effects of rhBMP-2 as a BRONJ-treatment modality.
was decreased significantly compared with the control group (P=0.000). In the alendronate+rhBMP-2 group, the M-CSF level was decreased significantly compared with the control group but increased significantly compared with the alendronate group (P=0.002). (Fig. 4, Table 3) 
IV. Discussion
We investigated the effects of rhBMP-2 on osteoblasts treated with alendronate, since alendronate is the most widely prescribed oral BP and appears most likely to cause BRONJ 12 . The effects of BPs on osteoclasts are well understood, and the effects of BPs on osteoclastic toxicity are thought to influence the occurrence of BRONJ. Although the majority of in vitro BPs studies have focused on BPs actions in osteoclastic lineage cells, recent studies have suggested that the presence of osteoblastic lineage cells is required for the anti-resorptive effects of BPs 13 . An understanding of the effects of alendronate on hFOB cells, particularly in the OPG/RANKL system, however, is lacking. To address this lack of data, the current study investigated the expression of RANKL, OPG and M-CSF in BP-treated hFOB cells.
Here, alendronate was shown to have a strong negative dose-dependent influence on the viability of osteoblasts. MTT assays performed at 48 hours with 0, 100, 500, and 1,000 μM alendronate concentrations revealed that the 100 μM concentration significantly reduced cell viability, with cell viability being approximately 80% of the control group. García-Moreno et al. 14 reported that high concentrations of alendronate inhibit osteoblast proliferation in primary hFOB cells and indicated that at lower concentrations the drug did not significantly inhibit proliferative effects compared to controls (≤10 -5 M). The results of the current study are in agreement with García-Moreno et al. 14 and further suggest that alendronate at higher concentrations affects proliferation and viability of hFOB cells. We determined that expression of OPG, RANKL and M-CSF was significantly decreased in the alendronate-treated group. In contrast, in a human osteoblast-culture study, Koch et al. 15 reported that zoledronate and ibandronate significantly induced RANKL expression. Several studies have evaluated the impact of BPs on osteoclastogenesis. Sudhoff et al. 16 reported that osteoclasts were suppressed and osteoclast apoptosis was induced in mouse bone-marrow cell (BMC) culture by the addition of M-CSF, RANKL and zolendronic acid. Kwak et al. 17 , having investigated a BMC/osteoblast co-culture, reported that risedronate
